Abstract. MicroRNAs (miRNAs), small non-coding RNA molecules, are negative regulators of gene expression. Recent studies have indicated their role in various forms of cardiovascular disease. In spite of the number of miRNA microarray analyses performed, little is known about the genome-wide miRNA expression pattern in human myocardial infarction (MI). Using miRNA microarrays and bioinformatic analysis, miRNA expression was analyzed on human MI and foetal hearts compared to healthy adult hearts, to determine whether there is any similar expression pattern between MI and foetal hearts, and to identified miRNAs that have not previously been described as dysregulated in cardiovascular diseases. Of 719 miRNAs analyzed, ∼50% were expressed in human hearts, 77 miRNAs were absent from all tested tissues and 57 were confidently dysregulated in at least one tested group. Some expression patterns appeared to be similar in MI and foetal hearts. Bioinformatic analysis revealed 10 miRNAs as dysregulated in MI not yet related to cardiovascular disease, and 5 miRNAs previously described only in animal models of cardiovascular diseases. Finally, qRT-PCR analysis confirmed dysregulation of 7 miRNAs,, and muscle-specific, miR-1 and miR-133a/b; all of these are believed to be involved in various physiological and pathological processes.
Introduction
MicroRNAs (miRNAs) comprise a novel class of endogenous, small non-coding RNAs that negatively regulate gene expression. By means of post-transcriptional targeting of mRNA, they cause translational inhibition or degradation of their targets [1] . It has been predicted that they constitute more than 3% of human genes, regulating ∼ 30 % of protein-coding genes [2] . It has been established that they represent developmental expression patterns, important for timing developmental decisions [3] , pattern formation [4] and tissue-specific expression patterns [5] . They have been implicated in the regulation of insulin secretion, resistance to viral infection and genomic rearrangements associated with genetic disorders and cancer [6] .
In addition, they are believed to be key regulators in cardiovascular biology, although the majority of studies have been concerned with development, conduction and pathology, focusing on hypertrophy, end-stage heart failure, dilated and ischemic cardiomyopathy, and aortic stenosis [1, 2, 7, 8] . Certain cardiac diseases, including those with progressive degeneration, might involve abnormal miRNA regulation leading to loss of renewal of cardiac muscle cells. Stress, long associated with cardiac diseases, has profound effects on miRNA patterns in the heart, suggesting that miRNAs might function in stress-related factors to affect cardiac structure and function [6] .
Previous studies of cardiac disease have focused on miRNAs that are primarily expressed in cardiomyocytes [8] . However, there is mounting evidence that other miRNAs expressed in human heart have an impact on cardiovascular disease [1, 2, 7, 8] . In several studies, miRNA microarray analysis has been performed using cell lines and an animal model of hypertrophy [9] [10] [11] [12] , human cardiomyopathies and aortic stenosis [13, 14] , end-stage heart failure [15, 16] , a dicer deletion animal model [17] , fibrosis [18] , an animal model of myocardial infarction (MI) [19, 20] , development [21] and an animal model of remodelling and reverse remodelling of the heart [22] but, to the best of our knowledge, genome-wide miRNA expression profiling on MI in humans has not been previously reported.
Our study thus focused on miRNA expression analysis in MI and foetal hearts compared to healthy adult hearts, in order to identify miRNAs that could be potentially dysregulated in response to cardiac ischemia, and to identify any similar expression patterns in foetal and infarcted tissue.
Materials and methods

Patients and tissue samples
Our study included autopsy samples of infarcted heart tissue and border zone from 39 patients with MI. MI was diagnosed clinically by symptoms and/or electrocardiographic changes, and confirmed by elevated plasma levels of markers of cardiac necrosis. Autopsies were performed within 24 hours after death. Tissue samples were fixed in 10% buffered formalin and embedded in paraffin. The duration of MI at the time of death was estimated on the basis of histological changes and clinical data, and all cases of MI were divided into two groups -up to 7 days old infarcted tissue and more than 4 weeks old infarcted tissue. Of 39 patients, 24 were males and 15 females, aged 57-94 years. Diabetes and arterial hypertension were recorded in 8 and 26 patients, respectively. Fifteen patients had received reperfusion treatment.
The control group consisted of autopsy heart tissue from 11 healthy adults who had died in accidents and 14 foetal hearts at gestation ages of 23 to 40 weeks that had died in uterus. Post mortem delay did not exceed 24 hours, and there was no macroscopical or microscopical evidence of disease at autopsy.
The investigation conformed to the principles outlined in the Helsinki Declaration. The Ethics Review Board of the National Medical Ethics Committee (NMEC) of the Republic of Slovenia granted approval for this research (approval reference number: 39/01/08).
RNA isolation
Tissue samples were cut at 10 µm from formalinfixed paraffin-embedded tissue blocks using a microtome. Six to eight 10-µm sections were used for the isolation procedure. Total RNA isolation was performed using a miRNeasy FFPE kit (Qiagen) according to the manufacturer's protocol. All the reagents were from Qiagen, except where otherwise indicated. Briefly, 1 ml of Xylene (Merck) was added for deparaffinisation, followed by brief vortexing and centrifugation. After the ethanol-washing step, the pellets were air-dried and digestion with Proteinase K was performed at 55
• C for 15 min, followed by 15 min incubation at 80
• C in order partially to reverse formaldehyde modification of the nucleic acid. After the gDNA elimination step, 100% ethanol (Merck) was added to the samples and the mixture was transferred to an RNeasy MinElute spin column. After two washing steps, the RNA was eluted in 30 µl of nuclease-free water.
The concentration of RNA extracted was measured using a NanoDrop-1000 (Thermo Scientific) and tested for UV/vis ratios. The A 260 /A 230 nm intensity ratio needs to be above 1.0 and A 260 /A 280 ratio needs to be above 1.8. The integrity and presence of small RNAs (< 200 nucleotides) was analyzed on a Bioanalyzer 2100 (Agilent, USA), which is a microfluidicsbased platform. The Small RNA Assay and Bioanalyzer 2100 allow miRNA to be separated, verified and optimized after extraction procedures. After applying 1 µl of sample to the high resolution Small RNA Assay and using the SmallRNA Ladder as reference, we obtained a detailed view of the RNA of 6-150 nt in range and looked for the presence of ∼22 nt long RNA molecules.
microRNA microarray analysis
Expression analysis was performed using hybridization to µParaflo microfluidics micorarrays (LC Sciences) in the version of the Sanger miRBase database Release 10.1. Each of the microarrays held all 719 predicted mature human miRNA probes (MRA-1001, the latest version of the Sanger miRBase database at the time of analysis, with 100% of experimentally verified miRNA sequences represented on the arrays), as well as spike-in/perfectly matched and mismatched probes for quality control. Each detection probe consisted of a chemically modified nucleotide-coding segment complementary to the target miRNA or other target and a spacer segment of polyethylene glycol to extend the coding segment away from the substrate. Each miRNA probe was represented 5 times on a single microarray, and the control probes were spiked into the RNA samples before labelling. The detection probes were made by in situ synthesis using PGR (photogenerated) chemistry, which enables highly sensitive and specific direct detection of miRNAs. The µParaflo technology enables on-chip synthesis, ensuring high probe quality and tight process control.
Microaray design
Five to ten µg of RNA from heart samples was used for the miRNA microarrays (LC Sciences). Using sizefractionation (YM-100 Microcon centrifugal filter,Millipore), small RNA (< 300 nt) enrichment was performed, following a 3'-extension with a poly(A) tail using poly(A) polymerase, to which an oligonucleotide tag was added for subsequent labelling. The use of a proprietary labelling method utilizes an affinity tag for signal amplification after miRNA hybridization to the microarrays. The microarray experiments were performed as dual-sample experiments, using dual colour labelling (Cy3 and Cy5 fluorescent dyes) and also a colour reversal approach. In the case of the dual-sample experiment, the two sets of RNA sequences were labelled with two different affinity tags to allow simultaneous detection of both samples. The two samples were then hybridized to a single Atactic µParaFlo microfluidic chip. Hybridization was performed overnight on a µParaFlo microfluidic chip, using a microcirculation pump (Atactic Technologies). The hybridization melting temperatures were balanced by chemical modifications of the detection probes. Hybridization used 6xSSPE buffer (0.90 M NaCl, 60 mM Na 2 HPO 4 , 6 mM EDTA, pH 6.8) containing 25% formamide at 34
• C. After RNA hybridization, tag-conjugating Cy3 and Cy5 dyes were circulated through the microfluidic chip for dye staining. Fluorescence images were collected by using a laser scanner (GenePix4000B; Molecular Devices) and digitized by using Array-Pro image analysis software (Media Cybernetics).
Nine microRNA microarrays were performed, using RNA samples from 3 foetal hearts and 6 infarcted tissues (up to 7 days and more than 4 weeks old) and compared to 6 healthy adult hearts.
Microarray analysis
Standard data analysis was performed to detect small amounts of miRNA, including calculation of signal intensities, determination of detectable transcripts and calculation of differential ratios. The signal was amplified and the determined background was subtracted using the local regression method. Cy3/Cy5 channel normalization was carried out using a cyclic LOWESS (locally-weighted regression) method. These transcripts were defined as "processed data". In addition, detectivity determination was based on the following conditions: (i) signals of the repeating probes should be above the detection level in at least 3 of 5 probes for each miRNA, (ii) signal intensity should be higher than 3 x background standard deviation, (iii) spot CV should be less than 0.5. Transcripts meeting those conditions were determined as "simple detectable or detectable transcripts".
For the dual colour experiment, the differences between Cy3 and Cy5 signals and p-values of the differences were calculated. When the p-value was less than 0.01, the differentially detected signals were considered to be true and used for data filtering. miRNAs with intensity values below a threshold value were removed; in addition, log 2 transformation was used to convert expression values into a linear scale (log 2 ) for statistical comparison.
Quantitative real-time PCR (qRT-PCR)
Some miRNAs that appeared to be differently expressed in miRNA microarray expression analysis were validated using a miScript system (Qiagen) based on Sybr Green technology and/or TaqMan-based miRNA quantification. All the reagents were from the Qiagen for miScript system or from the Applied Biosystems for TaqMan based approach, except where otherwise indicated. qRT-PCR was carried out using the Applied Biosystems 7900 Real-Time PCR System.
DNA digestion step
RNA obtained from FFPE heart tissue samples was first treated with DNAse I prior to qRT-PCR to eliminate the possibility of non-specific detection of doublestranded DNA amplified during the qRT-PCR reaction. Up to 1 µg (5 µl) of RNA contaminated with genomic DNA was used, treated with a mix containing 2 µl 10x DNase buffer (RDD buffer), 10 units RNase inhibitor, 0.5 Kunitz units DNase I and filled with RNase-free water to obtain a 20 µl reaction mixture. After a 30 min incubation step at 37
• C, 2 µl 140 mM EDTA (Sigma) was added to the reaction and incubated for 5 min at 65
• C to inactivate DNase I. The concentration was measured using NanoDrop-1000.
No-reverse transcriptase control
This step included all the qRT-PCR reagents with the primer controls and the RNA treated with DNAase I, without the reverse transcription step. If the product was amplified, it indicated that there was still some genomic DNA contamination.
Reverse transcription and qRT-PCR using
miScript system A miScript reverse transcription kit was used for reverse transcription. Briefly, a 15-µl reaction master mix was created, containing 100 ng of total RNA, 3 µl 5x miScript RT buffer, 0.75 µl miScript reverse transcriptase mix and 10 units (0.33 µl) RNase inhibitor. After incubation for 60 min at 37
• C and 5 min at 95
• C, the cDNA was diluted 10-fold, and 4.5 µl was used for each qRT-PCR reaction. The 15 µl PCR master mix contained 7.5 µl 2x QuantiTect SYBR Green PCR Master Mix, 1.5 µl miScript universal primer and 1.5 µl 10x miScript Primer Assay. RNU6B was used as the internal control gene, according to the manufacturer's protocol. All the qRT-PCR reactions were performed in duplicate or triplicate. The signal was collected at the endpoint of every cycle. Following amplification, melting curves analysis of PCR products was performed to verify specify and identity. Melting curves were acquired on the SYBR channel using a ramping rate of 1
• C/60 s for 60-95 • C.
miRNA reverse transcription and TaqMan-based qRT-PCR analysis
Looped primers for specific miRNA reverse transcription, including hsa-miR-1, hsa-miR-133a and hsamiR-133b and internal control gene RNU48, were utilized following the manufacturer's protocol. All reagents and instruments were from Applied Biosystems, except where otherwise indicated. Briefly, the 15 µl reverse transcription (RT) reaction master mix was performed with 10 ng of total RNA sample. qRT-PCR was carried out using the Applied Biosystems 7900 Real-Time PCR System in 20 µl PCR master mix containing 10 µl TaqMan 2x Universal PCR Master Mix, 1 µl TaqMan assay, 9 µl RT products diluted 10-fold. The qRT-PCR reactions were performed in triplicate and the signal was collected at the endpoint of every cycle.
Statistical and bioinformatic analysis 2.5.1. Statistical analysis of microarrays
We performed microarray analysis using processed data (background subtracted, normalized) and the Acuity 4.0 program to define: (i) which miRNAs are differently expressed in infarcted tissue (up to 7 days and more than 4 weeks old) or foetal hearts, when compared to healthy adult hearts; (ii) if there is any similar expression pattern in human MI when compared to foetuses. To test differential miRNA expression between foetal and infarcted tissue (up to 7 days and more than 4 weeks old), ANOVA and the Mann-Whitney test were performed between separate groups (p 0.01 and p 0.05, FDR corrected using the Benjamini-Hochberg correction [23] ).
Statistical analysis was further performed using the Mann-Whitney test (FDR corrected p 0.01 and p 0.05 using the Benjamini-Hochberg correction) and cross tested as follows: (i) up to 7-day old MI and foetuses versus more than 4-week old MI; (ii) all MI versus foetuses; (iii) up to 7-day old MI versus foetuses and more than 4-week old MI.
To identify miRNA as dysregulated, it should meet either of two conditions: first, the log 2 ratio should be 2-fold; second, statistical analysis should identify it as being significantly dysregulated between groups. Finally, an miRNA expression heat map was constructed by unsupervised hierarchical clustering to reveal the relationship of each microarray to every other microarray, without prior knowledge of how the data would cluster.
Bioinformatic analysis of microarrays
Bioinformatic analysis of dysregulated miRNAs identified by microarray analysis included searching for these miRNAs in (i) PubMed publications relating to cardiovascular diseases or any other publication (ii) miRBase -if they have been further treated as miRNA or subsequently removed from the database [24] ; (iii) HMDD (Human MicroRNA Disease Database) [25] to discover whether they are related to cardiovascular diseases.
In addition, we performed microarray analysis using received data defined as "detectable transcripts" in order to define the percentage of expressed miRNAs in each group of tested samples, including foetal hearts, up to 7-day old MI, more than 4-week old MI and healthy adult hearts. The aim of this analysis was to identify miRNAs that were expressed in heart tissue but showed no differential expression between tested groups, or miRNAs that were absent from all 15 tested samples.
Target prediction
TargetScan5.1 and miRanda programs [26] were used to search targets for dysregulated miRNAs. Furthermore, defined genes were subjected to search across PubMed to define whether they may have a potential function in cardiovascular pathology, and subjected to the above programmes to define the number of potential binding sites and their conservation across species. In addition, Gene Functional Classification of the defined genes using the DAVID program was performed [27] .
Statistical analysis of qRT-PCR results
The 2 −∆∆Ct method was used to present the relative gene expression obtained from qRT-PCR analysis, whereby the fold changes of the tested groups were calculated relative to the calibrator group. The calculated ∆Ct in different groups (MI up to 7 days old, and foetal hearts) were compared to the ∆Ct of the control group (healthy adult hearts) and tested for statistical significance using the Mann-Whitney test for independent groups of samples, with a cut off point at p < 0.05. SPSS analytical software ver.16, SPSS Inc. IL, was used. If the ∆Ct of the tested groups was significantly higher or lower than the ∆Ct of the control group, the expression change was considered to be statistically significant.
Results
MiRNA microarray results
Statistical analysis of microarrays
MicroRNA microarray expression analysis using hybridization to µParaflo microfluidics microarrays (LC Sciences), which held 719 miRNAs (Sanger miRBase database Release 10.1.) revealed that there were 93 differentially expressed miRNAs, of which 47 were differentially expressed in MI up to 7 days old, 30 miRNAs in MI more than 4 weeks old, and 74 in foetal hearts when compared to healthy adult hearts. Only 13 of the 93 differentially expressed miRNAs showed upor down-regulation in all tested groups (Fig. 1) .
In searching for similar expression patterns in foetal hearts and MI, we first performed ANOVA and the Mann-Whitney test using Acuity 4.0 analytical software. Of 93 miRNAs that were differentially expressed, 57 were treated as dysregulated, either showing a log 2 ratio 2 or achieving statistically significant dysregulation between the groups (Table 1) . Fig. 1 . Differentially expressed miRNAs among tested groups. Numbers represent the number of miRNAs differentially expressed in a tested group or overlapping between groups. Legend: MI < 7 days, myocardial infarction less than 7 days old; MI > 4 weeks, myocardial infarction more than 4 weeks old.
Unsupervised hierarchical clustering was performed using (i) all 196 miRNAs differentially expressed in at least one microarray, (ii) 13 miRNAs that were dysregulated in all 9 microarrays, (iii) miRNAs differentially expressed in MI up to 7 days old and foetuses (iv) miRNAs differentially expressed in MI up to 7 days and more than 4 weeks old, (v) miRNAs differentially expressed in foetuses and MI more than 4 weeks old. All of the expression heat maps defined some similar expression patterns in MI more than 4 weeks old and foetal hearts (Fig. 2) .
Bioinformatic analysis of microarrays
Because the aim of our study included identification of some novel miRNAs, a search across PubMed publications, HMDD and miRBase was performed. miRBase revealed that human mir-923 appears to be a fragment of 28S rRNA, so has been removed from the miRBsae database. miR-768 overlaps an annotated snoRNA, HBII-239; phylogenetic analysis in all vertebrates supports the snoRNA annotation, with poor conservation of the reported mature miRNA sequence; it has therefore been removed from the database. Of 10 miRNAs defined as dysregulated in our study, 9 have no record in HMDD and 8 have no record in PubMed, and none of the 10 miRNAs have been previously described in the setting of cardiovascular diseases. To the best of our knowledge, therefore, the following 10 miRNAs, Missing log 2 ratio data show undetected or not uniformly detected miRNAs in a tested group. miRNAs were treated as confidently dysregulated if they showed either a log 2 ratio 2 or reached statistically significant dysregulation between groups. An asterisk represents a log 2 ratio that reached FDR corrected statistical significance using either ANOVA or the Mann-Whitney test between groups (one asterisk, p < 0.05; two asterisks, p < 0.01). Bold face reference numbers represent analysis of miRNA microarrays using LC Sciences technology.
hsa-miR-22*, hsa-miR-30e*, are believed to be identified for the first time as dysregulated in diseased heart in humans (Table 1) . Further analysis identified 17 miRNAs that were detected only by the latest update with the Sangre miRBase database (Table 1) .
Our further analysis, using data defined as detectable transcripts, identified 101 miRNAs that were detected in all 15 tested heart tissues, and 77 miRNAs that were below the detection signals in all microarrays (Table 2) .
Among miRNAs detected in all tested tissues, 53 appeared to be differentially expressed between tested groups (Tables 1 and 2 ). Finally, to obtain the number of miRNAs detected in heart tissue, the frequencies of miRNAs expressed across tested samples from MI, foetal hearts and healthy adult hearts were calculated. These miRNAs were defined as detectable across samples, but had either similar signal intensity or were absent from other microarrays and were therefore not treated as dysregulated (Fig. 3) .
Target prediction
Using different approaches (TargetScan5.1, miRanda), we predicted in silico a list of potential target genes for 5 miRNAs, which are believed to be reported for the first time as dysregulated in human MI. These miRNAs are miR-572, miR-574-3p, miR-933, miR-1231 Fig. 2 . Hierarchical clustering analysis of the log 2 value of differentially expressed miRNAs in infarcted tissue and foetal hearts compared to healthy adult hearts. The statistical analysis and hierarchical clustering was performed using Acuity 4.0 analytical software. The results are displayed in a heat map. The legend on the right indicates the miRNA shown in the corresponding row, all of which are human specific. The bar code on the bottom represents the colour scale of the log 2 value. Each column represents data from a given microarray, indicated at the bottom of the heat map. a) Heat map of 196 miRNAs dysregulated in at least one microarray; b) Heat map of 13 miRNAs dysregulated in all tested groups. Legend: Red, up-regulation; green, down-regulation; black, no change; 7d, myocardial infarcts up to 7 days old; 4w, myocardial infarction more than 4 weeks old; F, foetal hearts. and miR-575, which showed dysregulated expression in MI. Most of the predicted binding sites are conserved across species and half of the genes possess more than one potential binding site for miRNA. All of the genes are believed to be involved in the pathogenesis of cardiovascular diseases or cardiogenesis. Gene functional classification using the DAVID program defined two groups of genes: a protein kinase group and their receptors and a transcription factor group, containing 10 and 5 predicted genes, respectively. Twenty-two genes were not clustered. The results are summarized in Table 3. let-7a, let-7b, let-7c, let-7d, let-7e, let-7f, let-7g, let-7i, miR-1, miR-100, miR-103, miR-106a, miR-106b, miR-107,  miR-125a-5p, miR-125b, miR-126, miR-127-3p, miR-128, miR-130a, miR-130b, miR-133a, miR-133b, miR-139-5p,  miR-140-3p, miR-143, miR-145, miR-149*, miR-150, miR-151-3p, miR-151-5p, miR-152, miR-155, miR-16, miR-17,  miR-181a, miR-181b, miR-185, miR-191, miR-191*, miR-193a-5p, miR-195, miR-197, miR-199a-3p, miR-199a-5p,  miR-20a, miR-21, miR-210, miR-214, miR-22, miR-22*, miR-221, miR-222, miR-23a, miR-24, miR-24-2*, miR-26a,  miR-26b, miR-27a, miR-27b, miR-30a, miR-30b, miR-30c, miR-30d, miR-320, miR-324-5p, miR-328, miR-331-5p, miR-342-3p, miR-34a, miR-361-5p, miR-378, miR-378*, miR-422a, miR-423-5p, miR-451, miR-455-3p, miR-484, miR-486-5p, miR-494, miR-499-5p, miR-532-5p, miR-574-3p, miR-574-5p, miR-575, miR-584, miR-628-3p, miR-638, miR-652,  miR-663, miR-671-5p, miR-768-3p, miR-768-5p, miR-801, miR-923, miR-92a, miR-92b, miR-93, miR-933 , miR-99a, miR-99b miRNAs absent from all 15 tested tissues miR-15a*, miR-202*, miR-20a*, miR-220b, miR-26a-2*, miR-26b*, miR-298, miR-302a*, miR-32, miR-338-3p, miR33b, miR-369-3p, , miR-488, miR-488*, miR-508-3p, miR-509-3-5p, miR-520e, miR-520f, miR-520g, miR-521, miR-523, miR-525-3p, miR-526b, miR-541, miR-542-3p, miR-545, miR-545*, miR-548a-3p, miR-548b-3p, miR-548c-3p, miR-548c-5p, miR-548d-3p, miR-548d-5p, miR-552, miR-558, miR-598*, miR-590-3p, miR-590-5p, miR-591, miR-592, miR-593 miR-593*, miR-597, miR-599, miR-600, miR-603, miR-604, miR-606, miR-607, miR-613, miR-614, miR-619, miR-620, miR-621, miR-626, miR-655, miR-656, miR-657, miR-661, miR-662, miR-708*, miR-7-2*, miR-744*, miR-767-3p, miR-767-5p, miR-873, miR-875-3p, miR-875-5p, miR-876-3p, miR-829b, miR-920, miR-93*, miR-935, miR-941, miR-96, miR-96* Our analysis identified 101 miRNAs that were detected in all 15 tested heart tissues, and 77 miRNAs that were below the detection signal. Among miRNAs detected in all tested tissues, 53 (bold face miRNAs) appeared to be differentially expressed among tested groups.
Healthy adult hearts MI < 7d Fig. 3 . The frequencies of miRNAs expressed in MI, foetal hearts, and healthy adult hearts. These miRNAs were defined as "detectable transcripts", but had either similar expression intensity or were absent from other samples and were therefore not treated as dysregulated. Legend: MI < 7d, myocardial infarction up to 7 days old; MI > 4w, myocardial infarction more than 4 weeks old.
qRT-PCR and statistical analysis
Microarray validation was performed using 7 randomly selected miRNAs from 93 dysregulated miRNAs as defined by microarray expression analysis.
We first tested 2 miRNAs among miRNAs previously reported to be dysregulated in hypoxia in cancer. Of these, 17 miRNAs showed a similar expression pattern There was no correlation of tested miRNA expres- 
Discussion
In this study, microRNA microarray analysis was performed on patients with myocardial infarction (MI) and foetal hearts compared to healthy adult hearts, in which 93 miRNAs showed dysregulation in MI or foetal hearts when compared to healthy adults. Searching across HMDD, PubMed and miRBase revealed that several studies have been performed using miR-NA microarray analysis to define dysregulated miRNAs in various forms of cardiovascular disease [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] 28] .
Compared to previous research, our study identified 10 miRNAs of 93 treated as dysregulated, which have no record in HMDD or PubMed related to cardiovascular disease, and 5 miRNAs that have been previously reported in cell line experiments or animal models, but not on human samples of diseased hearts [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . For 5 miRNAs, not previously related to heart disease, which were dysregulated in MI, we predicted 37 putative targets involved in cardiogenesis or cardiovascular disease. These are (i) protein kinase or their receptors, and (ii) transcription factors, some of which are already known to regulate or be regulated by miRNAs (MEF, SRF) [3, 5] . It thus seems important to update microarrays with the latest version of the Sanger miRBase database, which contains 100% of experimentally verified miRNA sequences, since 17 miRNAs were detected only by such microarrays [10, 11, 13, 18, 21] . Frequency analysis of miRNA detected in the analyzed heart samples suggests that approximately 50% of the 719 miRNAs tested are expressed in human heart tissue. In addition, we identified 101 miRNAs that were detected in all 15 tested heart tissues, of which only 53 appeared to be differentially expressed between tested groups. That is about half of miRNAs constitutively expressed in adult or foetal hearts, which may be involved in response to ischemic stress. Finally, using the above-described platform, 77 miRNAs were below the detection signal.
Of 93 differentially expressed miRNAs, only 13 showed up-or down-regulation in all tested groups, which suggests a small amount of overlapping differentially expressed miRNA transcripts in human MI and foetal hearts. Statistical analysis revealed 57 miRNAs that appeared to be confidently dysregulated between foetuses and up to 7-day or more than 4-week old MI. Unsupervised hierarchical clustering was performed and the resulting heat maps defined some similar expression patterns in more than 4-week old MI and foetal hearts, thus further supporting the concept of similarities of cardiac transcriptome between foetal and diseased hearts or, in other words, the concept of the "reactivation" of the foetal miRNA program in cardiovascular diseases [15] . Another similarity in miR-NA expression was miRNAs previously reported to be dysregulated in hypoxia in cancer, 17 of which have a similar expression pattern in MI, and they are defined as hypoxia-regulated miRNAs (HRMs) [29, 30] . Hypoxia is a feature of many diseases, including pulmonary hypertension, chronic obstructive pulmonary disease, sepsis, myocardial ischemia and cancer. The series includes articles related to new areas for hypoxiainducibile factors (HIF), which are key transcriptional regulators in the complex molecular mechanisms of response to hypoxia. They orchestrate the expression of a wide variety of genes that affect metabolism, angiogenesis, cell survival and oxygen delivery and, in addition, miRNA expression, thought to be critical for adaptation to low oxygen [29] [30] [31] . Myocardial ischemia is the most common cause of cardiac hypoxia in clinical medicine, and occurs when oxygen delivery cannot meet myocardial metabolic requirements in the heart. Among the transcriptional regulators activated are members of the HIF transcription factor family. HIF proteins are activated by oxidative stress and are increased in the peri-infarcted area after MI in rats and humans, and in remote areas from the MI. Although it has been recognized for a decade that HIF transcription factors are activated by environmental stress, the exact role of HIF members in cardiac ischemic injury remains unknown [32] .
In our study some HRMs were used for microarray validation using qRT-PCR. All validations confirmed the microarray results and, moreover, all miRNAs tested, except muscle-specific miRNAs miR-1 and miR133a/b, showed significant up-regulation in MI. In addition, using qRT-PCR, all of the microarray results were confirmed in foetal hearts, except miR-210 and miR-186, which showed no difference in expression on the basis of microarray analysis, but were dysregulated when expression was analyzed using qRT-PCT. This may be due to the more sensitive approach used for microarray validation.
Several targets have previously been proposed and in vitro or in vivo tested for validated miRNAs. Among them, miR-210 is believed to regulate ephrin-A3 [33] and E2F3 [34] ; miR-150 and miR-186 have the same target P2X7 receptor [35] and showed similar expression patterns in human MI and in foetal hearts; miR-451 has been shown to regulate MIF production [36] and GATA2 expression [37] . Finally, several targets have been shown for muscle-specific miR-1 and miR-133: Rheb, RasGAP, Cdk9, fibronectin, HSP60, HSP70, KCNJ2, GJA1 for miR-1, and RhoA, NELF, Cdc42, HERG, Caspase-9 for miR-133, and KCNE1, KCNQ1, HCN2/HCN4 for miR-1 and miR-133 [8, 28] . All these genes are already known to be involved in heart development, physiology or pathology. In addition, target prediction for 5 miRNAs, which were dysregulated in MI and not previously related to cardiovascular diseases, identified genes involved in a variety of physiological and pathological processes in the setting of diseased hearts. In silico searches revealed a highly complex spectrum of candidate targets, including genes involved in proliferation, apoptosis, DNA repair, chromatin remodelling, metabolism and migration. Most of the processes are induced by and/or included in response to hypoxia [32] .
However, at the time of writing, some additional miRNAs were shown, using animal models, to be involved in ischemia and were also dysregulated in our study. These miRNAs are miR-320 targeting HSP20 [19] , miR-1, miR-24 and miR-21 possibly through up-regulating eNOS, HSP70 and HSF-1 [38, 39] , and miR-92a targeting several pro-angiogenic proteins, including integrin subunit alpha5 [40] .
In conclusion, our results revealed some miRNA patterns similar to foetal hearts, supporting the concept of the reactivation of the foetal miRNA program in cardiovascular diseases, and to hypoxia in cancer, indicating similar miRNA expression patterns in cardiac ischemia. Finally, our results showed the involvement of novel miRNAs in MI in humans. Of the 15 miRNAs not previously shown to be related to cardiovascular diseases in humans, 5 had previously been shown to be dysregulated only in animal models of diseased heart, and 10 had not yet been described in the setting of cardiovascular diseases. Our study of human miRNA expression in MI, foetal hearts and healthy adult hearts will therefore perhaps guide further studies on the contribution of miRNAs to heart disease pathogenesis.
